We describe the results of 532 nm pulse laser-induced breakdown spectroscopy (LIBS) of two samples of magnetite nanoparticles (SPIONs) nanoferrofluid synthesized at room (S1) and elevated temperatures (S2) and at three different laser energy levels and pulse frequency. The size of magnetite nanoparticles, size distribution, magnetic crystalline phase and magnetization were analyzed and measured using transmission electron microscopy (TEM), X-ray diffraction spectroscopy (XRD) and vibrating sample magnetometry (VSM). The SPIONs showed a distribution between 4 -22 nm with a peak about 12 nm and saturation magnetization of about 65 emu/g. The Saha-Boltzmann analysis of spectra for medium energy level (1050 mJ) yields plasma temperatures of were determined at 860, 1050 and 1260 mJ respectively using the estimated CCD pictures. The results confirmed a higher elements ratio for S1 than S2 and the signal intensity indicated a non-linear behaviour as a function of pulse frequency with the maximum ratio value at 3 Hz. At higher frequency of 6 Hz no such turning point was observed. The highest and lowest temperatures corresponded to Fe I and OV respectively. The LIBS technique can be utilized to study, characterize and determine the elements ratio required in most applications involving the synthesizing process.
Introduction
In recent year much interest has been shown for remote, versatile, fast as well as accurate elemental analysis. Analysis techniques such as laser-ablation inductively coupled mass spectrometry (LA-ICP-MS) [1] , X-ray fluorescence spectrometry (XRFS) [2] , and secondary ion mass spectrometry (SIMS) [3] are able to resolve smaller element concentration. However, they often require specific sample preparation and under-lab condition operation and have smaller analyzed material capacity per time. Laser-induced breakdown spectroscopy (LIBS), which is considered as a type of atomic emission spectroscopy is based on focusing a short laser pulse on the surface of the sample where the material is ablated via thermal or non-thermal mechanisms. A high density plasma is generated when the laser intensity reaches the breakdown threshold of ≈10 10 Wcm
The optical emission is then collected and spectroscopically analyzed. It is the different energy levels of each atom that induces different and well quantized energies with narrowband emissions governed by Heisenberg uncertainty principle. When a material is ablated by a short laser pulse, the plume partly contains free electrons, excited atoms and ions, which are produced by strong ionization under an intense external electric field. The spatial free electron density i.e., plasma is produced by multiphoton absorption process where the electrons absorbing the energy of laser beam photons via inverse bremsstrahlung will result in a process known as avalanche or cascade of ionization. When the laser pulse
terminates, a few microseconds later the plasma begin to slow down due to collisions with ambient gas and hence cool down during the expansion where the electrons of the atoms and ions at the excited electronic states decay to ground states, hence causing the plasma to emit light with discrete spectral peaks. Both the continuum and discrete line emission indicate the radiative relaxation of different energy levels of the ions and the neutral atoms and that the excited species are mainly generated by ion-electron recombination. The main features of discrete lines characterizing the material are: wavelength, intensity and the shape which depend on structure of the emitting atom and the environment. The plasma temperature can reach to thousands Kelvin. The major advantages of LIBS are:
no sample preparation is required, fast, real-time measurements, depth profiling and spatial resolution and relatively simple set up compared to other conventional techniques [4] [5] [6] . LIBS has been widely used as a powerful technique for detection and monitoring of traces of elements of matter in all states of solid, liquid and gas in variety of applications such as industrial for metal detection in water [7] [8], analysis of minerals [9] , environmental for identification of bacte- 
Materials and Methods

Synthesis of Nanoferrofluid
Characterization
The crystalline phase of SPIONs was determined using x ray diffraction using 
Results and Discussion
Figure 1(a) shows the TEM of synthesized SPIONs where polydispersity and some degree of aggregation, which mainly depends on the surface to volume ratio and augmentation of magnetic dipole-dipole interactions can be seen [32] . It is known that at room temperature,300 K, the critical size which defines the superparamagnetic region is equal to 27 nm [36] which in our case as seen in Figure 1(b) , the NPs distribution covers a range between 4 -22 nm with most dominant size at 12 nm which satisfies the above condition. 2FeCl 6H O 6Cl 6H 2Fe OH
In a reactive system, NH 4 OH can be written as 4 4 NH OH NH OH
The interaction between the resultant materials in solid state will lead to the 
Fe OH and -FeOOH α are produced. The release and usage rate of these materials determine the rate of nucleation and growth of MNPs. Once the magnetite nuclei are produced, the ion-to-ion attachment, NPs aggregation or Ostwald ripening will cause the growth of NPs [36] . The XRD result of crystalline structure of MNPs is given in Figure 2 experimental data, the average magnetic particle diameter was calculated [38] :
where a M is the magnetic particle diameter, k B is Boltzmann's constant, μ 0 is the vacuum magnetic permeability, and M b is magnetization of bulk magnetite. Figure 4 due to lack of sufficient space. The details of spectra analysis are given in Table 1 [39] .
The central wavelength of line emission λ 0 is defined by the photon energy difference ΔE = E 2 − E 1 where E 1 and E 2 correspond to the energy of photons at longer and shorter detected wavelengths respectively (i.e., lower and upper energy levels): where n(p) is the species population or density in the excited state, A 21 is the transition probability and 4π represents the solid angle dΩ i.e., isotropic radiation, measured in sr. Since, the line profile p λ correlates the emission coefficient with the spectral line emission coefficient we have:
The full width half maximum (FWHM) of the intensity is a characteristic of the line profile, which in turn depends on the broadening mechanism such as Doppler broadening where the profile has a Gaussian shape.
Since, the evaluation of plasma temperature is difficult due to its short lifetime and partly because of high temperature but one can use the Saha-Boltzmann equation for two or more consecutive spectral lines of the same species where the maximum and minimum amplitudes for each element can be used to measure the corresponding temperature [5]
Using the Equation (8) to determine ΔE and the values given in Table 1 are substituted in Equation (11) Generally, the angular distribution of the ablated material from the target can be represented by the equation I(θ) = I 0 cosnθ, where I(θ) is the flux intensity along a direction forming an angle θ with the normal to the target surface. I 0 is initial intensity corresponding to θ = 0 and n is parameter related to the anisotropy of the distribution. When n = 1, it corresponds to a perfectly spherical distribution and n > 1 implies a more directional plume shape as in our case in Figure 5 . Calculated electron density of elements as a function of ionization potential. ) would significantly affect the electron thermal conduction process. Thus, it has a crucial role in determining the temperature and density distribution within the plasma. It is also interesting to note that the plasma temperature and hence its possible consequent effects can influence the quality of the material surface during the interaction process. For example, the high pressure exerted on the surface by the plasma plume can suppress the vaporization of the material by raising the boiling point of the material well beyond its normal value and as the plasma expands it generates an impulse reaction on the surface thus, radiates part of its thermal energy back to the surface. Consequently, a high temperature is maintained for a short time after the laser pulse has ended. It is expected that the high temperature is transferred to the surface by high velocity electrons via both direct conductivity and radiative transfer [25] [43]. At higher frequency (3 Hz) shown in Figure 7 , the ratio of elements remained World Journal of Nano Science and Engineering Figure 6 . Variation of elements ratio for S1 and S2 with pulse energy at 1 Hz. Figure 7 . Variation of elements ratio for S1 and S2 with pulse energy at 3 Hz. for both S1 and S2 at 6 Hz shown in Figure 8 .
The highlights of the above observations are summarized as plots shown in Figure 9 where it demonstrates that at constant pulse energy (i.e., 860 mJ), the ratio increases with frequency for both samples of S1 and S2 with 1.1 lowest at 1
Hz and highest about 1.3 at 3 Hz for S1 (Figure 9(a1) ) and 0.2 at 1 Hz and 0.6 at 3 Hz for S2 (Figure 9 (a2)) respectively. As in the case of Fe II/Fe II + Fe III, significantly lower values were achieved for both S1 and S2 i.e., about 0.55 for S1
( Figure 9(b1) ), and 0.1 at 1 Hz for S1 (Figure 9(b2) ) and about 0.3 at 3 and 6
Hz respectively (Figure 9(b2) ). Despite the similar behaviour at higher energy (1260 mJ), a noticeable change was observed at 6 Hz both for S1 and S2 ( Figure   9 (c2) and Figure 9 (d2)) where the ratio showed an increasing trend up 1 and 0.5 for S1 and S2 respectively whereas in the case of 860 mJ it reached the plateau at 6 Hz indicating that at higher pulse energy more transition lines corresponding to Fe II is produced. However, no firm comment can be made about its linear extrapolation as the experiment was not performed beyond this value. It is suggested for the future research to consider the effects of temperature and plasma formation on the quality of nanoferrofluid composition to ensure its Figure 8 . Variation of elements ratio for S1 and S2 with pulse energy at 6 Hz. structural integrity with respect to its applications to avoid any possible damage.
Conclusion
Elemental analysis of magnetite (Fe 3 O 4 ) nanoferrofluid was investigated at two different temperatures using 532 nm-based LIBS technique. Using Saha-Boltzmann relation, the transition lines temperature and the corresponding electron density were calculated. It was shown that the constituting elements and their ratio can be identified depending on the synthesizing and optical conditions. The most important outcome of the experiment is that the elemental ratio is significantly lower at elevated temperature than those at room temperature at all laser energy.
Equally, at higher frequency and room temperature no considerable change in the ratio was observed, however, at elevated temperature and 860 mJ, the ratio was increased and reached its maximum value at 3 Hz. This was not observed at 1260 mJ. One practical application where such an approach can be beneficial and plays a key role in number of scientific, engineering and biomedical applications is when one requires to determine and adjust the ratio of Fe II:Fe III or Fe II/Fe II + Fe III during the synthesis process.
